G2/M checkpoint activation after DNA damage results in G2/M cell cycle arrest that allows time for DNA repair before the entry of cells into mitosis. Activation of G2/M checkpoint involves a series of signaling events, which include activation of ataxia telangiectecia-mutated and Rad3-related (ATR) and Chk1 kinases and inhibition of Cdc2/Cyclin B activity. Studies presented in this report show that serine (Ser)/threonine (Thr) protein phosphatase 2A (PP2A) has an important role in G2/M checkpoint activation in response to c-irradiation (IR) exposure. Using PP2A inhibitors, as well as siRNA targeting various forms of Ser/Thr protein phosphatases, results presented in this report show that specific PP2A inhibition abrogates IR-induced activation of ATR and Chk1 kinases, as well as phosphorylation of Cdc2-Tyr15, and attenuates IR-induced G2/M arrest. These results suggest an important regulation of PP2A on IR-induced G2/M checkpoint signaling response.
Introduction
The DNA damage induced by ionizing irradiation triggers rapid activation of DNA-damage checkpoints, resulting in cell cycle arrest and DNA repair. The G2/M checkpoint prevents cells from initiating mitosis when they experience DNA damage during G2, or when they progress into G2 with some unrepaired damage inflicted during previous S or G1 phases (Kastan and Bartek, 2004) . The critical target of the G2/M checkpoint is the Cdc2/Cyclin B complex, the activity of which is required for the progress of the cell cycle from the G2 phase to the mitotic phase (Smits and Medema, 2001) . In response to DNA damage, ataxia telangiectecia-mutated (ATM) and ATM and Rad3-related (ATR) kinases are rapidly activated through phosphorylation, which in turn leads to the phosphorylation/activation of their downstream targets Chk2 and Chk1 kinases, respectively. Activation of Chk1/Chk2 kinases results in subcellular sequestration, degradation and/or inhibition of the Cdc25 family of phosphatases that normally activate Cdc2/Cyclin B at the G2/M boundary (Kastan and Bartek, 2004) .
In contrast to the plethora of studies focusing on the role of protein kinases in the regulation of DNAdamage checkpoint response, only a limited number of studies have examined the role of protein phosphatases in the regulation of this process. Protein phosphatases are necessary components of all signal transduction pathways, as they reverse protein phosphorylation produced by kinases (Cohen, 1992) . The highly conserved PPP family of Ser/Thr protein phosphatases is found to regulate many important cellular processes, including cell cycle progression, cellular differentiation and programmed cell death (McConnell and Wadzinski, 2009 ). The PPP family includes the protein phosphatase PP1, PP2A, PP2B, PP4, PP5, PP6 and PP7. Within the phosphatase family, several members have ''PP2A-like'' protein phosphatase activity that distinguishes them from other protein phosphatases in the family, which include PP2A, PP4, PP5 and PP6. Several highly specific inhibitors of the members of PPP family have been used for the study of these phosphatases. Among those inhibitors, okadaic acid (OA) is cell permeable and potently inhibits PP1 and PP2A phosphatase activities in intact cells (Favre et al., 1997; Yan and Mumby, 1999) . In vitro, PP2A and PP2A-like phosphatases are highly sensitive to OA but insensitive to either inhibitor-1 or inhibitor-2, which are potent inhibitors of PP1 (Cohen et al., 1989; Cohen, 1991) . Although OA can inhibit both PP1 and PP2A, because of its higher affinities toward PP2A than to PP1 (Ki ¼ 0.032 nM for PP2A vs 147 nM for PP1) (Takai et al., 1995) and higher efficacy for inhibiting PP2A than PP1 (IC 50 ¼ 0.1-0.3 nM for PP2A vs 15-30 nM for PP1) (Swingle et al., 2007) , previous studies indicate that incubation of cells with OA is highly selective for inhibiting PP2A activity in intact cells (Favre et al., 1997; Yan and Mumby, 1999) .
PP2A is a major cellular Ser/Thr protein phosphatase that has been implicated in the regulation of many cellular processes including cell cycle progression, DNA replication, gene transcription/translation and cell differentiation (Janssens and Goris, 2001; Janssens et al., 2005) . PP2A consists of a catalytic subunit (C), a scaffold subunit (A) and a regulatory subunit (B) . In mammalian cells, PP2A exists as either an AC core heterodimer or ABC heterotrimer (Janssens et al., 2008) . There are two isoforms of the PP2A catalytic subunit, PP2A (Ca) and PP2A (Cb), and two isoforms of the PP2A scaffold subunit, PP2A (Aa) and PP2A (Ab). PP2A (Ca) and PP2A (Cb) share 97% sequence identity, whereas PP2A (Aa) and PP2A (Ab) share 87% sequence identity (Janssens et al., 2008) . Furthermore, in mammalian cells, PP2A (Ca) and PP2A (Aa) are more abundant than PP2A (Cb) and PP2A (Ab), respectively (Janssens et al., 2008) . Previous studies indicate that the diversity of PP2A holoenzymes is mainly controlled by the PP2A (B) regulatory subunit. The B subunits of PP2A are classified into four distinct families, B/PR55, B'/PR61, B''/PR72 and PTP/PR53, which share no sequence similarity, apart from a few conserved amino acids that allow the interaction with the N-terminal of the PP2A (A) scaffold subunit (Mayer-Jaekel and Hemmings, 1994; Janssens et al., 2008) . In addition, each B subunit family consists of at least four members (Mayer-Jaekel and Hemmings, 1994; Janssens et al., 2008) .
Recent studies have implicated PP2A in the regulation of DNA-damage response. In response to DNA damage induced by doxorubicin and g-irradiation (IR), PP2A dephosphorylates and inhibits polo-like kinase 1, the function of which is required for the initiation of mitosis by phosphorylation/activation of Cdc25C and mitotic cyclin at the G2/M boundary (Jang et al., 2007) . Furthermore, PP2A is required for IR-and UV-induced dephosphorylation of p53-Thr55 and stabilization of p53 (Li et al., 2004 (Li et al., , 2007a . Moreover, recent studies have shown that PP2A is involved in the regulation of ATM and ATR signaling pathways. For example, studies have shown that PP2A binds to ATM and antagonizes ATM-Ser1981 autophosphorylation in the absence of DNA damage. Similarly, PP2A inhibition by OA or siRNA in the absence of DNA damage was found to induce phosphorylation of Chk1-Ser317 in HeLa cervical cancer cells (Leung-Pineda et al., 2006) . However, as the activity of Chk1 kinase in those cells was not examined, whether the induction of Chk1-Ser317 phosphorylation by PP2A inhibition resulted in the activation of Chk1 kinase was not studied. In addition, other studies have shown that PP2A is required for HIV-1 Vpr viral protein-induced G2/M cell cycle arrest, through its direct effect on Vpr-induced activation of ATR and Chk1 kinases (Li et al., 2007a) . Finally, the PP2A catalytic subunit has been shown to coimmunoprecipitate with g-H2AX in vitro and colocalizes with g-H2AX in DNA-damage foci (Chowdhury et al., 2005) . Additional evidence indicates that the recruitment of PP2A (C) to DNA-damage foci is H2AX dependent and that the presence of PP2A facilitates DNA repair (Chowdhury et al., 2005) .
In this study, we used PP2A inhibitors OA and SV40-small t antigen, in combination with a specific siRNAtargeting individual member of PP2A-like phosphatases, to investigate the potential role of Ser/Thr protein phosphatases in the regulation of IR-induced G2/M DNA-damage checkpoint response. Results show that PP2A specific activity is required for IR-induced activation of G2/M checkpoint signaling and ultimately G2/M cell cycle arrest.
Results
PP2A activity is required for IR-induced G2/M arrest of MCF-7 breast cancer cells To study the possible role of Ser/Thr phosphatase PP1 and PP2A in IR-induced DNA-damage checkpoint response, we examined the effect of phosphatase inhibitor OA on the activities of PP2A and PP1 in MCF-7 breast cancer cells.
Exponentially growing MCF-7 cells were incubated in the presence of increasing concentrations of OA for 1 h and then PP2A and PP1 activities in soluble cell extracts (a) After incubation of cells with OA at the indicated doses for 1 h at 37 1C, PP1 and PP2A activity in cell lysates was determined as described in Materials and methods. Upper panel: Assays were performed in the presence of (1) no inhibitors (circle), (2) 0.2 mM inhibitor-2 (triangle) or (3) 0.2 mM inhibitor-2 þ 5 nM OA (square). Lower panel: PP1 activity is represented as the phosphatase activity inhibited by in vitro incubation with inhibitor-2 (solid circle) and PP2A activity is represented as the phosphatase activity inhibited by in vitro incubation with 5 nM OA (open circle). Data represent the mean ± s.d. of quadruplicate assays. (b) Upper panels: MCF-7 cells were incubated in the presence or absence of 0.75 mM OA for 1 h at 37 1C, exposed to 20-Gy IR and then analyzed for DNA content by FACS following additional 24 h incubation at 37 1C. Lower left panel: MCF-7 cells were incubated in the presence or absence of 0.75 mM OA for 1 h, exposed to IR at the doses indicated, incubated for an additional 24 h at 37 1C and analyzed for DNA content. Results depict the percentage of cells with 4N-DNA content and represent the mean±s.d. of two sets of experiments with duplicate samples. Lower right panel: Cells were treated as described in upper panels and incubated for 2 h after IR. Cdc2 was immunoprecipitated from lysates and analyzed for kinase activity using histone-H1 as substrate (Cdc2 activity), and Cdc2-Tyr15 phosphorylation by immunoblotting (Cdc2-Tyr15). Cdc2 in immunoprecipitates (Cdc2 IP-WB) and in cell lysates (Cdc2 WB) were determined by immunoblotting. (c) Upper panels: T47D cells were incubated in the presence or absence of 0.5 mM OA for 1 h, exposed to 15-Gy IR, incubated for an additional 24 h and then analyzed for DNA content. Lower panel: HEK293, T47D, U2OS and HPNE cells were incubated in the presence or absence of 0.5 mM OA for 1 h, exposed to 10-Gy (HEK293 and HPNE cells) or 15-Gy IR (T47D and U2OS 
were determined using a Ser/Thr phosphatase assay kit as described in Materials and methods. In brief, previously characterized methods were used to quantitate the relative activities of PP1 and PP2A (Cohen et al., 1989; Cohen, 1991; Yan and Mumby, 1999) . Accordingly, phosphatase assays were carried out in the absence of added inhibitor, in the presence of 0.2 mM inhibitor-2 (I-2), or in the presence of 0.2 mM I-2 and 5 nM OA. Under these conditions, the proportion of Ser/Thr phosphatase activity in cell extracts attributable to PP1 corresponds to the activity inhibited by 0.2 mM I-2, whereas the proportion attributable to PP2A corresponds to the activity resistant to 0.2 mM I-2 but inhibited by 5 nM OA. As shown in Figure 1a , incubation of MCF-7 cells with OA resulted in a dose-dependent reduction in total Ser/Thr phosphatase activity (upper panel: circle) . A maximum 40% inhibition in total Ser/Thr phosphatase activity was observed in cells incubated with 0.5 mM OA (Figure 1a, upper panel: circle) . Addition of 0.2 mM I-2 (inhibitor of PP1) to extracts derived from untreated cells resulted in a 30-35% reduction in total Ser/Thr phosphatase activity (Figure 1a, upper panel: triangle) . As shown in Figure 1a (lower panel: solid circle), the phosphatase activity inhibited by the incubation of extracts with I-2, which represents PP1 activity (Cohen, 1991) , remained nearly unchanged after incubation of cells with increasing doses of OA. Mean PP1 activity in cells treated with 1 mM OA was only 5-10% lower than the PP1 activity in control untreated cells and the differences were not We next examined the effect of PP2A inhibition by OA on IR-induced G2/M cell cycle arrest. For these studies, MCF-7 cells were incubated in the presence or absence of 0.75 mM OA for 1 h and then exposed to increasing doses of IR. As shown in Figure 1b As previous studies have shown that G2/M cell-cycle arrest induced by DNA damage requires inhibition of Cdc2/Cycin B complex activity (Atherton-Fessler et al., 1993) , we examined the effect of PP2A on Cdc2 activity following irradiation of MCF-7 cells. As shown in Figure 1b (lower right panel), although IR exposure resulted in marked inhibition of Cdc2 activity in MCF-7 cells within 2 h following IR, this effect was abrogated by incubation of cells with OA before IR treatment. To verify this effect of OA on Cdc2 activity in irradiated MCF-7 cells, we also assessed the effect of OA on IRinduced Cdc2-Tyr15 phosphorylation, which has previously been shown to be essential for Cdc2 inhibition following IR exposure (Atherton-Fessler et al., 1993; Jin et al., 1996) . Consistent with the OA effect on Cdc2 activity, treatment with OA completely abolished IRinduced Cdc2-Tyr15 phosphorylation in irradiated MCF-7 cells (Figure 1b , lower right panel). As previous studies indicated that the activity of Cdc2/Cyclin B controls the G2/M transition of the cell cycle, we also examined the effect of PP2A inhibition on the proportion of cells in mitosis following IR exposure of MCF-7 cells using histone H3 phosphorylation as a marker of cells in mitosis (Xu et al., 2001) . The results of these studies indicate that IR exposure of MCF-7 cells resulted in a 78% decrease in the proportion of mitotic cells, which contain both 4N-DNA content and phospho-histone H3 (Xu et al., 2001) , relative to control nonirradiated cells (Supplementary Figure 1) . However, incubation of cells with OA abolished the reduction of cells in mitosis following irradiation (Supplementary Figure 1) .
We also examined the effect of OA on IR-induced cell cycle response in other cell types, including HEK293 human embryonic kidney cells, T47D human breast cancer cells, U2OS human osteosarcoma cells and HPNE primary human pancreatic ductal cells. As shown in Figure 1c , IR-induced G2/M cell cycle arrest was completely abrogated by the presence of 0.5 mM OA in all four cell types.
We next examined the effect of OA on the induction of G2/M arrest following IR exposure using a time course experiment. For these studies, MCF-7 cells were exposed to 20-Gy IR in the presence or absence of 0.5 mM OA and analyzed for DNA content by fluorescence-activated cell sorting (FACS) at the indicated times following IR exposure. As shown in Figure 1d , IR exposure resulted in a time-dependent increase in the amount of G2/M DNA content cells, with a maximum detected at 8 h after IR treatment (upper panel: circle). In contrast, cells exposed to IR and incubated in the presence of OA showed no increase in the amount of G2/M DNA content cells at all time points examined (upper panel: triangle). Furthermore, cell samples treated with OA alone in the absence of IR treatment also showed no detectable change in the amount of G2/ M DNA content cells (upper panel: square) . These results suggest a requirement for PP2A activity in the induction of G2/M arrest by IR.
To explore the possible role of PP2A in the maintenance of G2/M arrest following irradiation, MCF-7 cells were first irradiated and incubated at 37 1C for 8 h in the absence of OA. As described in Materials and methods, these irradiated cells were then incubated at 37 1C in the presence of OA for an additional 16 h and harvested for DNA content analysis. As shown in Figure 1d (lower panel), cells incubated in the presence of OA beginning 8 h after irradiation continued to have the same level of G2/M arrest as the irradiated cells that were incubated in the absence of OA. These results indicate that once the signaling cascade leading to G2/M arrest is activated following irradiation, inhibition of PP2A or PP2A-like phosphatases is not necessary for the maintenance of G2/M checkpoint activation in MCF-7 cells following IR treatment.
The effect of PP2A inhibition on IR-induced ATM signaling activation As ATM is activated in response to IR, the effect of PP2A inhibition on ATM signaling was determined. For these studies, MCF-7 cells were exposed to 15-Gy IR in the presence or absence of 0.75 mM OA and incubated for an additional 1 h before analysis. As shown in Figure 2a , incubation of cells with OA had no effect on ATM kinase activation following IR exposure, suggesting that PP2A or PP2A-like phosphatase is not required for IR-induced ATM kinase activation.
Previous studies have indicated that ATM is the primary kinase that phosphorylates and activates Chk2 kinase (Ahn et al., 2000; Matsuoka et al., 2000) . We therefore studied the effect of PP2A inhibition on IR-induced Chk2 phosphorylation and activation. For these studies, MCF-7 cells were exposed to 15-Gy in the presence or absence of 0.75 mM OA and then incubated for an additional 1 h at 37 1C. As shown in Figure 2b , although incubation with OA had no influence on IR-induced Chk2-Thr68 phosphorylation in MCF-7 cells (Chk2-Thr68, lane 4 vs 2), the incubation completely abrogated Chk2 kinase activation following IR exposure (Chk2 activity, lane 4 vs 2). Thus, although PP2A or PP2A-like activity is not necessary for the phosphorylation of Chk2-Thr68 by ATM kinase following IR exposure, it is necessary for the activation of Chk2 kinase following IR exposure.
PP2A is essential for IR-induced activation of ATR signaling Previous studies from our laboratory have shown that activation of ATR signaling is required for the induction of G2/M arrest in MCF-7 cells following IR exposure (Yan et al., 2007) ; we therefore examined the effect of PP2A on IR-induced ATR signaling. For these studies, MCF-7 cells were treated with IR in the presence or absence of OA and the levels of ATR and Chk1 phosphorylation and activities were assessed. As shown in Figure 2c ATR kinase activity was also examined in cells treated with IR and incubated in the presence or absence of OA. As shown in Figure 2c (lower panel), although IR exposure resulted in a marked activation of ATR kinase activity, incubation with OA completely blocked the activation of ATR following IR treatment. Taken together, the results in Figure 2c indicate that PP2A or PP2A-like activity is required for IR-induced activation of ATR kinase, whereas it is not involved in IR-induced phosphorylation of ATR-ser428.
As previous studies have indicated that ATR regulates G2/M checkpoint control through the activation of Chk1 kinase (Zhao and Piwnica-Worms, 2001 ), the effects of OA on IR-induced Chk1 activation were also examined in MCF-7 cells. We first compared the effects of OA on Chk1-Ser317 phosphorylation in MCF-7 cells following exposure to 15-Gy IR. As shown in Figure 2d , exposure to IR resulted in a marked induction of Chk1-Ser317 phosphorylation, relative to nonirradiated cells. Although incubation of cells with OA alone resulted in an increase in Chk1-Ser317 phosphorylation (lane 3 vs 1), incubation of irradiated cells in the presence of OA resulted in a further increase in Chk1-Ser317 phosphorylation, relative to cells treated with IR alone or OA alone (Figure 2d , Chk1-Ser317).
We next determined the effect of OA on IR-induced Chk1 kinase activation. As shown in Figure 2d , while Chk1 activity was markedly induced in MCF-7 cells following IR exposure, incubation of cells with OA inhibited the activation of Chk1 following irradiation. Furthermore, although incubation of cells with OA alone in the absence of IR exposure resulted in a noticeable increase in Chk1-Ser317 phosphorylation, this did not lead to Chk1 activation. These results are similar to those described above regarding the effect of OA on IR-induced phosphorylation and activation of ATR kinase. As Chk1 has a key role in G2/M checkpoint activation following DNA damage (Liu et al., 2000) , we verified the effect of OA on IR-induced Chk1 using other cell types. The results shown in Figure 2e indicate that OA treatment also abrogated IR-induced Chk1 activation in HEK293, T47D, U2OS and HPNE cells, implicating PP2A or PP2A-like activity in the IR-induced activation of both ATR and Chk1 kinases in multiple cell types.
PP2A inhibition by siRNA and SV40-small t antigen attenuates IR-induced G2/M arrest Previous studies indicate that incubation of cells with OA is highly selective for inhibiting PP2A activity in intact cells (Favre et al., 1997; Yan and Mumby, 1999) . However, in vitro studies show that OA can inhibit PP1 activity, although the IC 50 for PP1 inhibition is 100-fold greater than that for PP2A (IC 50 ¼ 0.1-0.3 nM for PP2A vs 15-30 nM for PP1) (Swingle et al., 2007) . To examine the specificity of PP2A on IR-induced G2/M checkpoint response, we transfected cells with siRNA targeting the PP2A catalytic subunit. For these studies, MCF-7 cells were transfected with control nontargeting siRNA or siRNA targeting PP2A-Ca and/or PP2A-Cb and incubated at 37 1C for 48 h. As shown in Figure 3a (upper panels), PP2A-C subunit protein levels were reduced by 70% in cells transfected with PP2A-Ca siRNA, 55% in cells transfected with PP2A-Cb siRNA and 75% in cells transfected with both PP2A-Ca and PP2A-Cb siRNAs, relative to that expressed in control siRNA-transfected cells, as determined by western blot analysis using an antibody that recognizes both PP2A-Ca and PP2A-Cb (PP2A-C). In contrast, transfection of MCF-7 cells with nontargeting control siRNA had no effect on PP2A-C subunit protein levels relative to nontransfected cells (data not shown). Furthermore, transfection of MCF-7 cells with PP2A-C-specific siRNAs resulted in a significant attenuation of IRinduced G2/M cell cycle arrest compared with control siRNA-transfected cells (Figure 3a We also examined the time course of the effect of PP2A on the induction of IR-induced G2/M arrest in MCF-7 cells. For these studies, MCF-7 cells transfected with siRNA targeting PP2A-Ca/Cb were incubated for 2 days at 37 1C and then exposed to 10-Gy IR. After IR treatment, the cells were harvested at the times indicated and analyzed for 4N-DNA content by FACS analysis. As shown in Figure 3a 75 mM OA, MCF-7 cells were exposed to 15-Gy IR or left nonirradiated and then incubated for an additional 1 h at 37 1C. ATM was immunoprecipitated from cell lysates using Ab-3 anti-ATM antibody and assayed for kinase activity using p53 recombinant protein as substrate (ATM activity). As controls, ATM protein levels in the immunoprecipitates (ATM IP-WB) and total ATM and actin protein in cell lysates were assessed by immunoblotting (ATM and actin). (b) Chk2-Thr68 phosphorylation (Chk2-Thr68) and Chk2 protein levels (Chk2) in cell lysates were analyzed by immunoblotting. Chk2 was immunoprecipitated from cell lysates and assayed for kinase activity using Cdc25C recombinant protein as substrate (Chk2 activity). As controls, Chk2 protein in immunoprecipitates (Chk2 IP-WB) and actin (actin) in cell lysates were measured by immunoblotting. (c) Upper panel: Phosphorylation of ATR-Ser428 (ATR-Ser428) and levels of ATR (ATR) and actin (actin) in cell lysates were analyzed by immunoblotting. Lower panel: ATR was immunoprecipitated from cell lysates using N-19 anti-ATR antibody and assayed for kinase activity using p53 recombinant protein as substrate (ATR activity). As controls, ATR protein levels in the immunoprecipitates (ATR IP-WB) were determined by immunoblotting. (d) Levels of Chk1-Ser317 phosphorylation (Chk1-Ser317) and total Chk1 (Chk1) and actin (actin) protein in cell lysates were determined by immunoblotting using specific antibodies. Chk1 was immunoprecipitated from cell lysates using G-4 anti-Chk1 antibody and kinase activity was assayed using Cdc25C recombinant protein as substrate (Chk1 activity). As controls, Chk1 protein in the immunoprecipitates was measured by immunoblotting (Chk1 IP-WB).
(e) HEK293, T47D, U2OS and HPNE cells were treated as described in Figure 1c and incubated for 1 h following IR. Chk1 was immunoprecipitated from cell lysates and kinase activity was assayed using Cdc25C recombinant protein as substrate (Chk1 activity). As controls, Chk1 protein in immunoprecipitates (Chk1 IP-WB) was measured by immunoblotting.
To determine the effect of PP2A-C knockdown on IR-induced G2/M arrest in other cell types, HEK293 and HNPE cells were transfected with siRNA targeting PP2A-Ca/Cb and the effect was then examined following irradiation. As shown inFigure 3b (insets), transfection of PP2A-C siRNA markedly decreased endogenous PP2A-C expression in both cell types, as determined by western blotting. Furthermore, this was associated with a significant diminution of IR-induced G2/M cell cycle arrest in both HEK293 and HNPE cells (IR: solid bars vs open bars).
As previous studies have shown that SV40-small t antigen binds to PP2A and suppresses PP2A phosphatase activity (Sontag et al., 1993) , we stably transfected MCF-7 cells with an SV40-small t antigen expression vector as described in Materials and methods. As shown in Figure 3c , there was a significant attenuation in IR-induced G2/M arrest in MCF-7 cells expressing SV40-small t compared with control MCF-7 cells (20 Gy: open bar vs solid bar). The expression of SV40-small t in MCF-7 cells was verified by immunoblotting (inset). In contrast, there was no difference in IR-induced G2/M arrest between nontransfected cells and MCF-7 cells transfected with control vector (data not shown).
Consistent with the effect of OA on IR-induced G2/M arrest in MCF-7 cells, MCF-7 cells transfected with PP2A-C siRNA also exhibited a marked diminution in Chk1 activation following IR exposure, relative to control siRNA-transfected cells (Figure 3d , Chk1 activity). Transfection of MCF-7 cells with control siRNA had no effect on IR-induced Chk1 activation compared with nontransfected control cells (data not shown). These studies support the data obtained from PP2A inhibitor studies described above (see Figures 1  and 2 ), indicating that PP2A activity is necessary for Chk1 activation and G2/M arrest in MCF-7 cells following IR treatment.
Inhibition of PP1 has no effect on IR-induced G2/M arrest We also examined the effect of PP1, another major Ser/ Thr phosphatase (Cohen, 2002) , on IR-induced G2/M checkpoint response in MCF-7 cells. For these studies, MCF-7 cells were transfected with siRNA targeting PP1 catalytic (C) subunit or control nontargeting siRNA, and their effects on IR-induced G2/M arrest were examined. As shown in Figure 3e (inset), transfection of MCF-7 cells with siRNA targeting the PP1-C subunit (PP1-C), the primary component of the PP1 holoenzyme, resulted in a decrease in endogenous PP1-C protein levels by 80%, as determined by immunoblotting at 48 h after transfection (PP1-C). As shown in Figure 3e (bar graph), there was essentially no difference in IR-induced G2/M arrest in PP1-C siR-NA-transfected cells compared with that in control siRNA-transfected cells. These results suggest that PP1 has little, if any, effect on IR-induced G2/M checkpoint response.
We also compared the effects of PP2A and PP1 on ATM signaling activation following IR exposure. For these studies, MCF-7 cells were transfected with siRNA targeting either PP1-C or PP2A-Ca/Cb, or with control nontargeting siRNA, and the activation of ATM and Chk2 in cells following IR treatment was examined. As shown in Figure 3f , there was no difference in IRinduced ATM kinase activation in MCF-7 cells transfected with PP2A-Ca/Cb siRNA, relative to that in control siRNA-transfected cells. In contrast, decreased PP1-C expression in MCF-7 cells following siRNA transfection actually resulted in a slight increase in IR-induced ATM activation (ATM activity). Furthermore, although decreased PP1-C expression in siRNAtransfected cells resulted in an increase in IR-induced Chk2 kinase activity relative to control siRNA-transfected cells, transfection with PP2A-Ca/Cb siRNA abrogated IR-induced Chk2 kinase activation in MCF-7 cells (Chk2 activity). These results are consistent with the observation described above in cells treated with OA and indicate that PP2A is not required for IR-induced ATM activation but is necessary for Chk2 kinase activation following IR exposure.
As shown in Figure 3f , decreased PP1-C expression following siRNA transfection of MCF-7 cells produced no effect on IR-induced activation of ATR and Chk1 kinases (ATR activity and Chk1 activity). In contrast, decreased PP2A-C expression following siRNA transfection abrogated the activation of both ATR and Chk1 kinases following IR exposure (ATR activity and Chk1 activity). These results support the studies discussed above following treatment of cells with OA, and indicate an essential role of PP2A in the activation of ATR signaling following IR exposure.
Inhibition of PP4, PP5 and PP6 has no effect on IR-induced G2/M cell cycle arrest As previous in vitro studies indicate that OA not only inhibits PP1 and PP2A activity but also inhibits PP4, PP5 and PP6 activity with differential selectivities (Swingle et al., 2007) , we therefore examined the potential effect of PP4, PP5 and PP6 on IR-induced G2/M cell cycle arrest. As shown in Figure 4 , transfection of MCF-7 cells with specific siRNAs targeting the catalytic subunits of PP4, PP5 or PP6 resulted in a decreased expression of the relative target gene 48 h after transfection (upper panel: PP4-C, PP5-C and PP6-C). However, as shown in Figure 4 , decreased expression of PP4-C, PP5-C or PP6-C in MCF-7 cells had no effect on IR-induced G2/M cell cycle arrest, relative to control siRNA-transfected cells (lower panel). These results provide additional evidence supporting the specific regulation of PP2A on IR-induced G2/M checkpoint activation.
Discussion
While PP2A Ser/Thr phosphatase has been found to have a critical role in the regulation of cellular signaling that controls cell cycle progression, accumulating evidence also implicates PP2A in the regulation of DNA-damage checkpoint response (Goodarzi et al., 2004; Chowdhury et al., 2005; Li et al., 2007a b) . In this report, we have examined in detail the effect of PP2A on IR-induced G2/M DNA-damage checkpoint response. Using specific inhibitors to inhibit PP2A and the siRNA targeting PP2A catalytic subunit (Pallas et al., 1990;  Cho et al., 2007) , we observed a predominant regulation by PP2A on IR-induced G2/M DNA-damage checkpoint response (see Figures 1-3) . G2/M transition of the cell cycle is controlled by the activity of the Cdc2/Cyclin B complex, which is required for cell entry into mitosis. It has been previously shown that DNA damage induces phosphorylation of the Tyr15 residue of Cdc2, resulting in inhibition of Cdc2/ Cyclin B activity and G2/M arrest (Smits and Medema, 2001) . The cellular response to DNA damage involves the activation of Wee1 kinase, which directly phosphorylates Cdc2-Tyr15, as well as activation of Chk1 kinase, which phosphorylates and inhibits Cdc25A/Cdc25C phosphatases that dephosphorylate Cdc2-Tyr15 (Chen and Sanchez, 2004; Sancar et al., 2004) . Consistent with the effect of PP2A inhibition on IR-induced Chk1 activation and G2/M arrest, inhibition of PP2A also resulted in diminution of IR-induced phosphorylation of Cdc-Tyr15 (see Figures 1 and 2 ) and an increase in the entry of cells from G2 into M phase in MCF-7 cells exposed to IR (see Supplementary Figure 1 ). These results indicate that PP2A activity is necessary for IR-induced G2/M checkpoint activation and for the regulation of the Cdc2/Cyclin B complex.
Although previous studies indicate that IR exposure can also induce arrest in G1 in some cell types (Iliakis et al., 2003) , we observed no increase in the proportion (upper panel) and HPNE cells (lower panel) were transfected with either nontargeting siRNA (control siRNA) or siRNA targeting PP2A-Ca/ Cb (PP2A-C siRNA), incubated for 2 days at 37 1C and then exposed to 10-Gy IR. The irradiated cells were incubated for an additional 24 h and analyzed for levels of PP2A-C and actin by western blotting (insets) and DNA content by FACS (bar graphs). The results of FACS analysis depict the percentage of cells with 4N-DNA content and represent the mean±s.d. of triplicate cell samples. *P ¼ o0.001 (n ¼ 3); **P ¼ o0.001 (n ¼ 3); significant difference from cells transfected with control siRNA. (c) MCF-7 cells were stably transfected with a tetracycline-inducible SV40-small t antigen (st) or control vector (vector) as described in Material and methods. The cells were incubated in the absence of doxcycline for 48 h to induce SV40-small t expression, and then exposed to 20-Gy IR. After 24 h incubation at 37 1C, cells were analyzed for SV40-small t expression by western blotting (inset) and for DNA content by FACS (bar graph). The results depict the percentage of cells with 4N-DNA content and represent the mean±s.d. of duplicate cell samples from two separate experiments. ***P ¼ 0.006 (n-4), significant difference between cells transfected with control vector and cells transfected with SV40-small t expressing vector. (d) Upper panel: Cells were transfected with control siRNA or with siRNA specific for PP2A-Ca or PP2A-Cb, incubated for 2 days and then exposed to 20-Gy IR or left nonirradiated. After incubation for 1 h at 37 1C, Chk1 was immunoprecipitated from cell lysates and assayed for kinase activity using Cdc25C recombinant protein as substrate (Chk1 activity). Levels of Chk1 protein in immunoprecipitates (Chk1 IP-WB) and in lysates (Chk1) were determined by immunoblotting. Lower panel: The relative activity of Chk1 kinase in each sample was determined by densitometry of the autoradiograph of 32 p-Cdc25C formed during each Chk1 kinase assay (Chk1 activity), relative to the amount of Chk1 protein in each assay (Chk1 IP-WB), which was determined using image J software analysis of western blot of immunoprecipitates. The bar graph depicts the relative Chk1 activity in each sample. (e) MCF-7 cells were transfected with either nontargeting control siRNA (control) or siRNA targeting PP1-C (PP1-C). Cells were incubated for 2 days, exposed to 15-Gy IR and then incubated at 37 1C for an additional 24 h. The cells were analyzed for levels of PP1-C and actin by western blotting (inset) and for DNA content by FACS (bar graph). The results of FACS analysis shown depict the percentage of cells with 4N-DNA content and represent the mean ± s.d. of duplicate cell samples of three independent experiments. (f) MCF-7 cells were transfected with either nontargeting siRNA or siRNA targeting PP1-C or PP2A-Ca/Cb, incubated for 2 days and treated with 15-Gy IR or nonirradiated. The cells were analyzed for PP1-C and PP2A-C expression by western blotting (PP1-C and PP2A-C) and for ATM, ATR, Chk1 and Chk2 activities by kinase assay (ATM activity, Chk2 activity, ATR activity and Chk1 activity). The levels of ATM, Chk2, ATR and Chk1 protein in immunoprecipitates were determined by western blotting (ATM IP-WB, Chk2 IP-WB ATR IP-WB and Chk1 IP-WB). 
of cells in G1 following IR treatment of MCF-7 cells (data not shown). In fact, other studies have reported the absence of IR-induced G1 arrest in MCF-7 cells and suggested that these cells may have a defect in G1 checkpoint, despite having a wild-type p53 expression (Nagasawa et al., 1998) . In contrast, several studies have shown that IR exposure induces a significant G2/M arrest in MCF-7 cells (Nagasawa et al., 1998; Essmann et al., 2004; Yan et al., 2005) . To examine whether PP2A is essential for the maintenance of IR-induced G2/M checkpoint activation, irradiated MCF-7 cells were incubated for 8 h in the absence of OA and then treated with the inhibitor. Under these conditions, inhibition of PP2A by OA several hours after irradiation produced no diminution of IR-induced G2/M arrest (see Figure 1d , lower panel). These results indicate that once the signaling cascade leading to G2/M arrest is activated following irradiation, PP2A activity is not necessary for the maintenance of G2/M checkpoint activation in MCF-7 cells following IR treatment.
Both ATM and ATR have important roles in mediating the DNA-damage checkpoint response (Iliakis et al., 2003; O'Connell and Cimprich, 2005) . Recent reports identified an interaction between PP2A and ATM in unperturbed cells (Goodarzi et al., 2004) and an involvement of PP2A in the regulation of both ATM and ATR protein function (Leung-Pineda et al., 2006) . It is interesting that the studies presented in this report show that, although PP2A is necessary for IR-induced ATR activation, it is not required for IR-induced activation of ATM (see Figures 2 and 3) . Furthermore, although inhibition of PP2A in MCF-7 cells treated with OA results in an increase in ATR-Ser428 phosphorylation in both nonirradiated and irradiated cells, kinase assays show that this phosphorylation of ATR does not correlate with the activation of ATR kinase in irradiated cells (see Figure 2c) . Similarly, additional studies indicate that OA treatment also results in ATM-Ser1981 phosphorylation in unirradiated MCF-7 cells, which is also not associated with the activation of ATM kinase (data not shown). These results are consistent with previous observations using human lymphoblastoid cells, which showed that OA treatment of nonirradiated cells induces ATM-Ser1981 phosphorylation in the absence of induction of ATM kinase activity (Goodarzi et al., 2004) .
Chk2 activation by DNA damage is a multistep process (Reinhardt and Yaffe, 2009) . In response to DNA damage, ATM activation triggers phosphorylation of Chk2-Thr68, which in turn results in autophosphorylation of Chk2 at multisites and subsequent activation of Chk2 kinase. Furthermore, although ATM has been proposed to be the primary activator of Chk2 kinase, some studies suggest that Chk2 can also be phosphorylated by other phosphatidylinositol-3 kinase-related kinases, including ATR and DNA-PKs (Reinhardt and Yaffe, 2009) . Studies presented in this report show that PP2A inhibition had no effect on either IR-induced ATM activation or phosphorylation of Chk2-Thr68. However, PP2A inhibition completely abolished IR-induced Chk2 kinase activation (Figure 2b) . These results indicate that the phosphorylation of Chk2-Thr68 by ATM following IR exposure apparently does not require PP2A. However, PP2A is necessary for the activation of Chk2 kinase and this effect of PP2A occurs downstream of ATM kinase.
Consistent with the effect of PP2A on IR-induced ATR activation, studies presented in this report indicate that PP2A is also required for Chk1 activation following IR (see Figures 2 and 3) . Furthermore, incubation of cells with OA also resulted in an increase in Chk1-Ser317 phosphorylation with no apparent activation of Chk1 kinase activity (see Figure 2d) . These results are consistent with previous studies using HeLa human cervical cancer cells, which showed that OA treatment of HeLa cells in the absence of DNA damage results in the accumulation of Ser317 and Ser345 phosphorylation of Chk1 without activation of Chk1 kinase activity (LeungPineda et al., 2006) .
A previous study showed that decrease in PP2A-Aa level in PC12 rat adrenal medulla pheochromocytoma cells by siRNA inhibits PP2A holoenzyme activity and results in apoptosis induction (Strack et al., 2004) . We therefore examined the possible effect of PP2A-Cspecific siRNA transfection on apoptosis induction in MCF-7 cells. For these studies, cells were transfected with PP2A-C-specific siRNA and incubated for up to 3 days. The cells were then analyzed for sub-G1-DNA content cell population and for cleavage of poly(ADPribose) polymerase precursor, which are hallmarks of apoptosis (Liu et al., 1996) . As shown in Supplementary  Figure 2 , FACS analysis of PP2A-C siRNA-transfected MCF-7 cells showed no increase in the proportion of sub-G1-DNA content cell population within the time frames tested. Consistently, western blot analysis also indicated no evidence of poly(ADP-ribose) polymerase precursor cleavage in PP2A-C siRNA-transfected cells, whereas the transfection with PP2A-C siRNA markedly decreased the PP2A-C protein expression in MCF-7 cells. These data indicate that decreased PP2A-C level in MCF-7 cells for up to 72 h is apparently not sufficient to induce apoptosis. Thus, the effect of PP2A inhibition on cell survival is apparently cell type specific.
In summary, the results presented in this report suggest an important role of PP2A in IR-induced G2/M DNA-damage checkpoint response, which involves its predominant effect on the activation of ATR, Chk1 and Chk2 kinases following IR exposure. Additional studies are needed to further define the detailed mechanism through which PP2A elicits its regulation on DNA damage-induced cell cycle checkpoint response.
Materials and methods

Cell culture and drug treatment
The MCF-7 human breast cancer cell line, the HEK293 human embryonic kidney cell line, the T47D human breast cancer cell line and the U2OS human osterosarcoma cell line were obtained from American Type Culture Collection (Manassas, VA, USA) and maintained in Dulbecco's Modified Eagle's medium containing 10% fetal bovine serum. HPNE cells are primary human pancreatic ductal cells immortalized by human telomerase hTERT (kindly provided by Dr Michel Ouellette (University of Nebraska Medical Center)). HPNE cells were maintained in 5% CO 2 in Medium D growth medium (four parts high-glucose Dulbecco's Modified Eagle's medium (Life Technologies, Carlsbad, CA, USA) to one part M3F (INCELL, San Antonio, TX, USA) supplemented with 5% FCS) (Lee et al., 2005) .
For studies involving treatment with phosphatase inhibitor, log-phase-growing cells were incubated in medium containing OA (Alexis, San Diego, CA, USA), which was dissolved in dimethyl sulfoxide, as described previously (Yan and Mumby, 1999) . Control cells were incubated in medium containing the same amounts of vehicle alone (0.05% dimethyl sulfoxide). For experiments involving IR exposure, exponentially growing cells were treated with IR and then incubated at 37 1C for the indicated times before analysis. For experiments involving treatment with both phosphatase inhibitor and IR, cells were incubated with the inhibitor for 1 h before IR exposure.
Antibodies and recombinant proteins
Antibodies obtained from cell signaling technology (Danvers, MA) include rabbit IgG for PP2A-A (81G5), PP2A-C (52F8), p-ATR (Ser428), p-Chk1 (Ser317) and p-Chk2 (Thr68). Antibodies obtained from EMD Biosciences (San Jose, CA, USA) include mouse IgG for poly(ADP-ribose) polymerase precursor (Ab-2) and rabbit IgG for ATM (Ab-3). Antibodies obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA) include mouse IgG for Cdc2 (17), Chk1 (G-4) and Chk2 (B-4); goat IgG for ATR (N-19), actin (I-19), p-Cdc2 (Tyr15), PP4-C (C-18) and PP5-C (C-20); rabbit IgG for Cdc2 (C-19) and Chk1 (FL-476). Antibodies obtained from upstate biotechnology (Lake Placid, NY, USA) include mouse IgG for PP2A-B (2G9) and rabbit IgG for PP1-C and PP6-C.
Recombinant p53 protein for ATM and ATR kinase assays was a glutathione S-transferase fusion protein containing fulllength human p53 (Addgene, Cambridge, MA, USA). Cdc25C protein, the substrate for Chk1/Chk2 kinase assay, was purified as a glutathione S-transferase fusion protein containing residues 200-256 of human Cdc25C (kindly provided by Dr Helen Piwnica-Worms (Washington University School of Medicine)). Glutathione S-transferase was used as a control substrate in all kinase assays and was prepared according to standard procedures (GE Healthcare Bio-Sciences, Piscataway, NJ, USA).
Immunoblotting, immunoprecipitation and kinase assay Immunoblotting, immunoprecipitation and kinase assays were performed as described previously (Hall-Jackson et al., 1999; Sarkaria et al., 1999; Yan et al., 2007) . Specific protein signals on western blots were visualized by chemiluminescence exposed to X-ray film, scanned using an EPSON Perfection 4490PHOTO scanner and analyzed using the ImageJ analytical program (NIH, Bethesda, MD, USA).
Ser/Thr phosphatase assay Cell extracts for phosphatase assays were prepared using procedures described previously (Yan and Mumby, 1999) . Briefly, cells were harvested by scraping and were washed with phosphate-buffered saline. The cell pellets were lysed for 10 min on ice in three volumes (v/v) of extraction buffer (50 mM Tris-HCl, pH 7.0, 0.1 mM EDTA, 0.1 mM EGTA, 0.5% Triton X-100, 1 mM DTT, 25 mg/ml leupeptin, 25 mg/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride and 10% glycerol). The crude extract was passed through a 21-gauge needle several times to facilitate lysis and insoluble material was removed by centrifugation for 5 min at 2,500 g. The soluble fraction was then passed through a Sephadex G-50 spin column (Roche Molecular Biochemicals, Indianapolis, IN, USA) equilibrated with storage buffer (50 mM Tris-HCl, pH 7.0, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 25 mg/ml leupeptin, 25 mg/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride and 20% glycerol) to remove low-molecular-weight substances that may interfere with the protein phosphatase assays. The cell extracts were aliquoted and stored at À80 1C. Each aliquot was only thawed once for phosphatase assay. Phosphatase assays were performed using a malachite green phosphate detection system (Upstate Biotechnology, Lake Placid, NY, USA) in accordance with the manufacturer's directions. In brief, cell lysates containing Ser/Thr phosphatases were incubated at 30 1C for 10 min with a phosphopeptide specific for PP1 and PP2A (KRpTIRR) and phosphatase activities were determined by measuring the release of P i from the phosphopeptide (KRpTIRR) using malachite green phosphate detection solution using absorbance spectrophotometry at 650 nM (Ambach et al., 2000; Pankov et al., 2003) . All assays were carried out under conditions in which the release of P i was linear with time (less than 20% of the substrate consumed) and were directly dependent on the amount of extract protein.
To determine PP1 and PP2A activities in cell extracts, we used previously described methods (Cohen et al., 1989; Cohen, 1991; Yan and Mumby, 1999) . Accordingly, phosphatase assays were performed on cell extracts using three separate conditions as described: (1) in the absence of any inhibitors to determine the total level of Ser/Thr phosphatase activity in cell extracts; (2) in the presence of 0.2 mM inhibitor-2 (I-2) to inhibit PP1 activity; and (3) in the presence of both 0.2 mM I-2 and 5 nM OA to inhibit both PP1 and PP2A activity in cell extracts (Cohen et al., 1989) . Under these conditions, the proportion Ser/Thr phosphatase activity attributable to PP1 corresponds to the activity inhibited by 0.2 mM I-2, whereas the proportion attributable to PP2A corresponds to the activity resistant to 0.2 mM I-2 but inhibited by 5 nM OA. As PP2B and PP2C are not inhibited by either 0.2 mM I-2 or 5 nM OA in vitro (Cohen, 1991) , their activities are not assessed in these assays. 0 . Cells were transfected with siRNA at 100 nM using DharmaFECT1 siRNA transfection reagent (Dharmacon Research, Chicago, IL, USA) according to the manufacturer's instruction. For experiments involving both siRNA transfection and IR exposure, transfected cells were first incubated at 37 1C for the indicated times and then exposed to IR.
Cell cycle analysis
Fluorescence-activated cell sorting (FACS) analysis was performed on 20 000 cells using a FACS calibur instrument (Beckon Dickinson, Mansfield, MA, USA), as described previously (Yan et al., 2007) .
Analysis for mitotic cells MCF-7 cells were exposed to IR in the presence or absence of 0.5 mM OA and harvested at 2 h following IR exposure. The mitotic cells in the obtained cell samples were analyzed as described previously (Xu and Kastan, 2004) . Briefly, samples were fixed in 70% ethanol and stained with 30 mg/ml phosphatidylinositol-3 and anti-phospho-histone H3 antibody (Upstate Biotechnology, Lake Placid, NY, USA). Mitotic cells in the cell samples, which contain both 4N-DNA content and phospho-histone H3, were determined using a FACS calibur instrument (Beckon Dickinson) as recommended by the manufacturer and analyzed using Cellquest software. Each analysis was performed using 20 000 cells.
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